Abstract-We propose the use of a polycaprolactone (PCL)-based thermoplastic mesh as a tissue-immobilization interface for microwave imaging and microwave hyperthermia treatment. An investigation of the dielectric properties of two PCL-based thermoplastic materials in the frequency range of 0.5-3.5 GHz is presented. The frequency-dependent dielectric constant and effective conductivity of the PCL-based thermoplastics are characterized using measurements of microstrip transmission lines fabricated on substrates comprised of the thermoplastic meshes. We also examine the impact of the presence of a PCL-based thermoplastic mesh on microwave breast imaging. We use a numerical test bed comprised of a previously reported 3-D anatomically realistic breast phantom and a multi-frequency microwave inverse scattering algorithm. We demonstrate that the PCL-based thermoplastic material and the assumed biocompatible medium of vegetable oil are sufficiently well matched such that the PCL layer may be neglected by the imaging solution without sacrificing imaging quality. Our results suggest that PCL-based thermoplastics are promising materials as tissue immobilization structures for microwave diagnostic and therapeutic applications.
I. INTRODUCTION
T HERE is a growing interest in the development of microwave diagnostic and therapeutic techniques in medicine. For example, microwave breast imaging (e.g., [1] - [7] ) and microwave hyperthermia treatment of breast cancer (e.g., [8] , [9] ) have been the subject of numerous recent research stud- Color versions of one or more of the figures in this paper are available online at http://ieeexplore.ieee.org.
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ies. Microwave breast imaging, an exploratory technique for improving breast cancer screening and diagnosis [10] , involves transmitting low-power microwave signals into the breast using an array of antennas. An immersion medium is used to improve the coupling efficiency of the low-power microwave signals into and out of the breast. The measured scattered signals are used to reconstruct the spatial distribution of the dielectric properties, or some related characteristic such as scattering strength, throughout the breast volume. Rigorous validation of microwave imaging using a clinical benchmark such as MRI technology requires precise co-registration. A patient interface that immobilizes the breast so that the same position is maintained during both the MRI and microwave scans would enable straightforward co-registration and an objective and unambiguous comparison. This type of patient interface would also potentially benefit microwave-induced hyperthermia treatment of breast cancer, which is a well-known thermotherapy approach that uses an antenna array to focus high-power microwave signals at the site of a tumor and elevate its temperature to 40
• C-45 • C, typically for 60-90 min. As in other cancer treatment modalities, immobilizing the breast for the duration of the hyperthermia treatment is critical to prevent movement that could degrade the selectivity of the treatment zone and potentially damage healthy tissue.
The material used for this purpose should be sufficiently malleable to conform to the tissue and yet rigid enough to prevent movement during the medical procedure. In addition, the material should be relatively low loss to allow for adequate penetration of the microwave signals into the tissue to achieve the desired results and be well matched to either the immersion medium or skin to prevent mismatch reflection loss. Several low-loss materials, including liquid crystal polymers [11] , polymer-ceramic composites [12] , and Parylene-N [13] , have been proposed as flexible microwave substrates for conformal applications in microwave engineering. However, while these materials are flexible, they do not retain their shape unless bound or held in place. Thus, they are not suitable for our proposed application.
Meshes constructed from perforated thermoplastic materials, such as the one shown in Fig. 1(a) , have been used as immobilization devices in interventional breast MRI applications such as MR-guided preoperative localization or MR-guided needle biopsy [14] , [15] . One example of a thermoplastic polymer is polycaprolactone (PCL). This thermoplastic material is rigid at room temperature but softens and becomes malleable upon being immersed in a warm water bath of 57
• C. In its malleable state, a thermoplastic mesh easily conforms to the pendulous breast. Once the material cools back down to room temperature, its rigidity is restored. PCL-based polymers are also low cost and biodegradable [16] . Such material characteristics are important for the intended application wherein the patient-conformed thermoplastic mesh would be discarded after a single use. PCLbased materials and films have been characterized at low frequencies up to 10 MHz [17] - [19] and shown to exhibit stable dielectric properties in terms of their preheated and cooled-down states [17] .
In this paper, we propose the use of a PCL-based thermoplastic material as a tissue-immobilization interface for microwave breast imaging. First, we present an experimental microwave-frequency characterization of the dielectric properties of two commercially available PCL-based thermoplastic materials [shown in Fig. 1(b) and (c)] in the frequency range of 0.5-3.5 GHz. The frequency range of our study corresponds to the range of interest in current microwave inverse scattering algorithms for breast imaging (e.g., [1] - [6] ). The operating frequencies of clinical microwave hyperthermia treatment applicators also fall roughly in this range (e.g., [8] ). To the best of our knowledge, this paper represents the first study of the frequency-dependent microwave dielectric properties of a PCLbased thermoplastic. These data are important because it enables an investigation of the potential impact of the immobilization mesh on microwave imaging performance as well as a determination of system features, such as the immersion medium, that minimize that impact. In the second part of the paper, we discuss a suitable immersion medium that is approximately impedance matched to the thermoplastic material and present a numerical study of microwave breast imaging using a realistic numerical breast phantom [20] with and without the presence of a thin thermoplastic material layer enveloping the breast. We apply a microwave inverse scattering algorithm that does not account for the presence of the thermoplastic in the forward solver to both scattered-field datasets and show that there is no discernible difference in the reconstructed images. This suggests that the use of a thermoplastic mesh together with a suitable immer- sion medium is a viable strategy for immobilizing the breast without increasing the complexity of the image reconstruction procedure.
II. METHOD OF DIELECTRIC CHARACTERIZATION
We acquired samples of the following two PCL-based thermoplastic materials from Orfit Industries of America, Jericho, NY: Efficast R 8333Y.3/R and U-Plast TM 8338 BL.SO2+/R. These perforated thermoplastic sheets are designed for patient fixation in radiation oncology. The Efficast R sample, shown in Fig Transmission-line methods [21] - [28] are well suited for characterizing the wideband dielectric properties of thin, rigid material sheets. In such methods, the material under test is used as the substrate in a microstrip transmission line and its dielectric properties are extracted from electrical measurements performed on the line. We adopted this approach to characterize the dielectric properties of the PCL-based thermoplastic materials from 0.5 to 3.5 GHz. We fabricated a total of ten microstrip transmission lines of two different widths (five of each width) on each thermoplastic substrate. We chose transmission line lengths that spanned the entire length of the acquired sample boards. This was done to minimize the influence of the connector and parasitic parameters on the overall measurement accuracy. The transmission line widths were chosen to cover 2-3 air holes in the transverse direction, thereby ensuring that the measured properties represented volume averages of the bulk material and the air holes. For the Efficast R samples, the widths of the transmission lines were 10 and 15 mm; the length of each line was 265 mm. For the U-Plast TM samples, the widths were 5 and 10 mm while the common length was 205 mm. Printedcircuit-board (PCB) edge-mount connectors were soldered at the end of each line. Two-port scattering (S-) parameter measurements were carried out over the 0.5-3.5-GHz frequency range using an Agilent E8364 vector network analyzer.
We developed equivalent circuit models of the transmission lines that take into account the presence of the connectors as well as the parasitic effects of the transitions between the connectors and the transmission lines (see Fig. 2 ). Agilent's Advanced Design System (ADS) [29] was used to simulate these equivalent circuit models. The internal optimization engine in ADS was used to extract parameter values by matching simulated performance to measurement values [30] . The dielectric constant and loss tangent of the substrate in the model were optimized within ADS to achieve a good agreement between the measured S-parameters and those predicted by the equivalent circuits over the frequency range of interest.
The parameters of the two PCB edge-mount connectors were optimized to within ±10% of the values provided by the manufacturer. We modeled the parasitic effects of the coaxialconnector-to-microstrip transition and connector assembly imperfections using a shunt capacitance C, a series inductance L, and a series resistance R on each side of the line, as shown in Fig. 2 . Assembly imperfections give rise to a small air gap that exists between the edge of the connector and the edge of the substrate. This gap contains a portion of the center conductor of the edge-mount connector with average dimensions of 1 mm both in diameter and length. Typical values for parasitic impedances of such short wires at microwave frequencies have been reported in [31] and [32] . Estimates for the fringing capacitance of a microstrip line located at the edge of a dielectric substrate are also reported in [33] . From these studies, we obtained initial approximate values for the parasitic R, L, and C elements used in the circuit model. These parameters were optimized in ADS and the resulting parasitic element values were found to be R = 0.05 Ω, C = 0.07 pF, and L = 0.28 nH.
The substrate dielectric properties extracted from the ADS simulation of the transmission line models include the effects of the air-hole perforations; hence, we refer to the ADS-optimized dielectric constant and loss tangent as ε avg and tan δ avg , respectively. The ADS optimization was performed using both the magnitude and the phase of the S 21 and S 11 measurements. The S 21 fit was given a 10:1 priority weighting relative to the S 11 fit because the imperfect symmetry in the assembly of the connectors on each side of the line gives rise to unequal reflection coefficients (e.g. S 22 and S 11 ) from the two ports. The values of the substrate dielectric properties in each transmission line model were swept using the internal optimization engine of ADS until the best achievable optimization goal was obtained. Values for the dielectric properties were extracted for frequency bands of 0.5 GHz across the desired frequency range of 0.5-3.5 GHz.
The dielectric properties of the bulk thermoplastic are of greater fundamental importance than the volume-averaged properties of the mesh for two reasons. First, it is unlikely that the holes in the thermoplastic mesh will remain air filled in the intended application involving an immersion liquid. Second, several different hole patterns are available from manufacturers of PCL-based thermoplastic meshes, and the volume-averaged dielectric properties depend on the hole pattern. Knowledge of the dielectric properties of the bulk thermoplastic enables one to predict the average dielectric properties of any mesh configuration.
We extracted the dielectric properties of the bulk thermoplastic material from the average dielectric properties using a volumetric averaging principle [34] . The hole patterns in the thermoplastic meshes repeat themselves in unit cells as shown in Fig. 1(b) and (c) . The unit cells are triangular (equilateral) for the Efficast R sample and rectangular for the U-Plast TM sample. Thus, the relationship between the measured volume-averaged properties of the perforated Efficast R sample and the underlying properties of the bulk thermoplastic material, ε r and tan δ, is as follows:
(1)
where D = 2.88 mm is the hole diameter and a = 5.8 mm is the length of the side of the unit cell triangle. Similarly, the average properties of the U-Plast TM sample are related to the properties of the thermoplastic material as follows:
where D = 1.4 mm is the hole diameter and w 1 = 2.88 mm and w 2 = 5.6 mm are the sides of the rectangle. The loss tangent of the thermoplastic material was converted to an effective conductivity σ.
III. VALIDATION AND RESULTS
Our equivalent circuit model was tested and validated using S-parameter measurements taken of transmission lines patterned on a known Rogers 5880 board. The resulting extracted dielectric properties for the Rogers 5880 board were ε r = 2.203 and tan δ = 0.00099 for the frequency range of 0.5-3.5 GHz. The manufacturer specifies values of ε r = 2.20 ± 0.02 and tan δ = 0.0009 for frequencies up to 10 GHz. This high level of agreement in the dielectric properties confirms the validity of the equivalent circuit model-namely, the connector parameters as well as the values of the parasitic elements-used in the ADS-based dielectric-properties optimization scheme.
The measured and simulated S 21 curves for one of the 205-mm-long, 10-mm-wide transmission lines on the Efficast R sample are shown in Fig. 3 . This representative example illustrates TM . The variation about the mean dielectric constant is less than 1.4% for Efficast R and 3.5% for U-Plast TM over the entire frequency range of interest. This measurement variability is attributed to small differences in the assembly processes for each of the transmission lines used to extract these properties.
IV. IMPACT OF THE THERMOPLASTIC MESH ON MICROWAVE BREAST IMAGING
During the measurement of a breast by a microwave imaging system, any surrounding objects illuminated by the array may scatter the waves strongly enough to introduce artifacts in the resulting images if those objects are not properly accounted for. In general, any materials used for tissue immobilization must be imaged along with the breast, redacted from the data via some calibration scheme, or included in the propagation model of the imaging solution. All of these options add significant complexity to the imaging algorithm. However, if the dielectric properties of the immobilizer are closely matched to the immersion medium into which the array and breast are placed, the scattering from the immobilizer may fall below the sensitivity of the measurements making any resulting imaging artifacts negligible.
We investigated the impact on microwave breast imaging of a PCL-based thermoplastic material used to immobilize the breast in an immersion medium comprised of vegetable oil. We used a numerical test bed in order to isolate the effect of the thermoplastic immobilizer; such an investigation cannot be conducted in the less-controlled environment of an experimental test bed. The numerical test bed was based on the down-sampled Class 2 (scattered fibroglandular) breast phantom and dipole array described in a previous imaging study [6] . In addition, a conformal layer of 2-mm-thick thermoplastic material was placed over the surface of the skin region of this phantom. The dielectric properties of the thermoplastic material were assumed to be ε r = 3.24 and σ = 0.031 S/m. The dielectric properties of the oil immersion were assumed to be dispersive with single-pole Debye parameters ε s = 2.97, ε ∞ = 2.72, and τ p = 15 ps [35] . This Debye model gives a dielectric constant of 2.97 and a conductivity of 0.0003 S/m at 0.5 GHz and a dielectric constant of 2.95 and a conductivity of 0.0145 S/m at 3.5 GHz. We modeled the thermoplastic immobilizer as a solid layer without any perforations. We consider this to be a worst case test bed because it creates the largest expected impedance mismatch between the immersion medium and the immobilizer. In practice, the average dielectric properties of a perforated thermoplastic layer (with either airor oil-filled holes) will provide a better match to the properties of the oil immersion than that assumed here.
We applied the inverse scattering algorithm described in [6] to the data acquired from the numerical phantom with and without the conformal thermoplastic layer. In both cases, we excluded the thermoplastic in the forward model of the imaging solution and instead assumed that the immersion medium extended to the skin surface. Under these forward-model assumptions, any scattering from the thermoplastic layer that is on the order of the level of scattering from the interior breast tissue structures will manifest as artifacts in the image of the interior volume. Such artifacts would occur because the imaging algorithm seeks to minimize any residual scattering between measurements of the reconstruction and the actual object.
Coronal cross-sections of the resulting 3-D images of the phantom with and without the thermoplastic layer are shown in Fig. 5 . Any differences between the reconstructed dielectricproperties profiles for the two cases are imperceptible. This result suggests that the PCL-based thermoplastic material and vegetable oil are sufficiently well matched such that the thermoplastic layer presents a negligible amount of scattering and may, therefore, be neglected by the imaging solution.
V. CONCLUSION
The dielectric properties of commercially available PCLbased thermoplastic materials have been experimentally characterized in the microwave range of 0.5-3.5 GHz using transmission line measurements. We determined that the dielectric constant of the PCL-based thermoplastics is 3.22 ± 0.02 over the entire frequency range and the conductivity ranges from 0.0133 ± 0.0004 (S/m) at 0.5 GHz to 0.0485 ± 0.0008 (S/m) at 3.5 GHz. We have also conducted a numerical study of microwave breast imaging to investigate the impact of using a thin PCL-based thermoplastic material to immobilize the breast in a vegetable-oil-based immersion medium. We found that introducing the thermoplastic layer to immobilize the breast without accounting for its presence in the image reconstruction algorithm results in images that are essentially identical to those obtained without the tissue immobilizer. The results of this imaging study suggest that PCL-based thermoplastic meshes are promising candidates for use as tissue-immobilizing materials in medical microwave imaging. 
